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SUMMARY

Local values of heat~transfer rate and temperature-recovery factor,
obtained on a transpiration-coocled flat plate, are presented. Air was
injJected into a turbulent boundary layer at several rates of flow through
a8 porous flat plate oriented parallel to an air stream. Surface tempera-
tures were wmaintained near recovery temperature. The Mach number was 2.7
and the Reynolds number range was 1.5x10® to 7.0x10%®. The results for
nearly uniform injection show: (1) The ratio of local Stanton number with
injection to that with zero injection decreases appreciably with increased.
injection rate and this decrease is greater at the higher Reynolds numbers.
The decrease is comparable to the predicted theoretical values. (2) The
local temperature-recovery factor decreases with increasing injection rate
at a given Reynolds number and the rate of decrease 1is greater at the
higher Reynolds numbers. These effects are not predicted by the theory.
(3) The transpiration cooling process requires considerably less coolant
than conventional heat exchangers to maintain a given cooled surface
temperature, especially for high cooling loads.

INTRODUCTION

A comparison of the effectiveness of surface cooling methods (ref. 1)
hag indicated that a transpiration cooling system offers promise as a
possible solution of the aerodynamic heating problem associated with high-
speed flight. A transpiration cooling system for an aircraft surface is
defined as one in which the coolant pessses from within the interior of
the aircraft through s porous skin and then out into the boundary layer
on the surface. The effectiveness of this system is due to two conditions:
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(1) The large wetted ares within the multitude of pores in the skin results
in a high heat exchange between the coolant and the skin, and (2) the
injection of the coolant into the boundary layer affects the boundary layer
B0 a8 to reduce the amount of heat entering the aircraft, The second of
these conditions has been predicted by theory, references 2 through 6, and
has been observed experimentally in low-speed tests (ref. T7) and at a Mach
number of 2 (ref. 8). The subject of the present investigation is an
experimental exemination of this second condition under high-speed condi-
tions; nemely, an expérimental study of the effectiveness of coolant injec~
tion in reducing the heat transferred to the surface of’ alrcraft by aero=
dynemic heating. . .. ... oLl loliL N

Examples of the magnitudes of the reductions in heat transfer by
coolant injection as predicted by theory are shown in figure 1 (taken from
ref. 9). It is noted in this Pigure that a simultaneous reduction of skin
friction by the injection of fluld occurs. The ordinate of figure 1
represents the ratios of the skin frictlon and hest~transfer coefficlents
to thelr wvalues correspondlng to zero irjection. The abscissa is a dimen-~
slonlegs grouping contalning the mass flow of the injected gas normal to
the surfece. It is apparent that the theoretically predicted reductions
associated with injection can be extremely large.

The theoretical bages for the laminer boundary-layer results are
falrly sound. This, however, is not true for the turbulent boundary-
layer theories, references 5 and 6. The theories dealing with the com-
pressible, turbulent boundary layer are essentiaslly weask in that thelr
final answere sre largely determined by arbitrary assumptions concerning
the structure of the turbulent boundary layer. (For a discussion of this
point, see ref. 6.) In view of this, the present tests are confined to
the turbulent boundary layer. Additional reasons for stressing the turbu-
lent boundary layer are (1) that it is believed that fluid injection tends
to destabilize laminar boundary layers and cause transition to turbulent
flow meking the turbulent boundary layer wmore probable under conditions
of injectiom and (2) that under comparable cénditions of Reynolds number
and temperature potentlal, aerodynamlc heating is mere severe for a turbu-~
lent boundary leyer.

The present tests were made to determine the effect of injection rate
on the local heat transferred to & cooled flat plate oriemted parallel to
an air stream. The Mach number was 2.7 and the Reynolds number range was
1.5X10% to TxL0C®. The boundary layer was tripped to assure turbulent flow.
Cooling air was injected through the porous surface of the plate with no
attempt made to adjust the distribution of injection rate along the plate.
The temperature rise of the coolant air ds 1t passed from the interior onm
through the surface of the plate provided a measure of the heat transferred
to the plate. Comparison was then made wilth the theoretical results of
reference 6 in order to assess the value of the theories as means for
extrapolating to conditioms not cavered by the tests.
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SYMBOLS

specific heat per unit weight of solid material of porous plate
local skin~friction coefficient

specific heat per unit mass at constent pressure of gas
dimensioniess mass-flow rate normal to surface,é%é%%
heat~transfer coefficient

thermal conductivity of porous solid

Mach number

Prandtl number

wind-tunnel s%agnation pressure

local heat-transfer rate per unit area

0

Reynolds number,

Stanton number, p_lluw—clg
o0

temperature

absolute temperature

velocity component parallel to surface
velocity component normal to surface
thickness of porous plate

coordinate parallel to streamwise direction measured from
leading edge .

coordinate parallel to surface of plate and normal to stream
direction

coordinaete perpendicular to surface of the plate measured from
inner face

temperature recovery factor
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p mass density of gas
5 viscosity of ges
Subscripts
c initiel condition of coolant
o zero injection condition
r recovery condition or zero heat-transfer condition
W condition at surface
00 condition at outer edge.of boundary layer

1,2,8,4 position designation of thermocouples

Superseripts
) ' temperature function defined in equation (AT)
* temperature function defined in equation (A7)

DESCRIPTION OF EXPERIMENT

Wind Tunnel

These tests were made in the Ameg 6-inch heat~transfer wind tumnel
described in reference 10, The tunnel is continuous~operating and has
controllable stagpation pressure and temperature in the ranges of 5 to
55. pounds per square inch sbsolute and 80° to 160° F, respectively. The
nozzle is wmade of a single curved wall and flat cpposite and side walls.
The tunnel specific humldity was maintained less than 0.0003 pound of
water per pound of dry air.

Flat-Plate Model

The model consiéted-df.a hollow chamber with a porous plate as the
top surface. The model wag mounted on & hollow vertlcal sting through
which the coolant ailr was introduced. The heat transferred to the model

|
nl |i
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the coolant as it passed from underneath the porous wall to its outer
surface. The simplicity of the model did not allow conbtrol of the distri-
butions along the model of surface temperature or injection rate. This
was not believed to be a sericus shortcoming because the expected effect
of transpiration on heat transfer 1s large and an experiment of limited
accuracy would stlll provide useful results.

The test surface of the flat-plate model was made of a porous,
sintered, powdered, stainless-steel sheet, approximately 1/8 inch thick,
similar to specimen 5 of reference 11, and was mounted in the hollow steel
body as shown in figure 2(a). The steel body was supported by a hollow,
vertical strut through which the transpiration air enters. Bakelite sheets
were bonded to the flat-plate steel body and verticel strut to provide heat
insulation for the porous surface and the transpiration elr. The flat-
p.l_a.uc: uuu.y c.oru‘p_l.eue_l.y span.ueu. the wind-tunnel section and seals were used
to prevent alr leakage from the lower to the upper side of the plate body.
The upstream end of the model was chamfered to form an angle of lOO and
the leading edge was rounded to a radius of about 0.002 inch to avoid
feathering. The effective porous area of 0.316 square foot started
1-7/8 inches back from the leading edge and extended for 10-7/8 inches
along the plate with a width of 4-3/16 inches.

A boundary-layer trip, comsisting of a 1/2-inch-wide strip of 5/0
garnet paper, was cemented to the plate 1/8 inch back from the 10° wedge
leading edge. This trip was approximately 0.010 inch high.

Thermocouples, made from number 36-gage Nichrome V - Advance wire
with ensmel insulation, were used for the heat-transfer instrumentation
and were located at nine stations along the plate at 1l-inch intervals,
starting et x = 3- 7/8 inches from the plate leading edge. The thermo-
couples were installed as shown in figure 2(b). BFach type of installation
was designed to eliminate conduction errors as much as possible. Along
the center line, thermocouples were placed at each station to measure the
temperature of the outer porous surface (location 1) and the temperature
of the transpiration air (location 3) before entering the porous material.
Thermocouples were located at alternate stations on the center line to
measure the inner porous-surface temperature (location 2); and on two
lines 1 inch off the center line to measure the outer porous-surfece
temperature (location 1). Typical Nichrome V - Advance wire thermocouples
were calibrated with a standard NBS thermocouple over the temperature range
encountered in these tests. Estimated accuracy of model temperature read-~
ings was 30.5° F.

The transpiration air was dried and cooled before entering the model,
and was metered with two different capacity rotometers placed ahead of the
cooling unit. The relative porosity of the plate was determined in cali-
bration tests and is shown in figure 3 expressed as the ratio of local
flow rate to the average flow rate over the plate. Porosity measurements
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were made before and dfter the tests for conditions near the minimum and

maximum flow rates of 72 and 540 pounds per hour per square foot, respec~ -
tively. The porosity calibration was mede using &n alr-supply element
consisting of two concentric chambers that are sealed with O-rings from
each other and the surroundings when the element is pressed asgainst the
porous surface. The outer chamber was malintained at the same pressure
as the ilnner chamber and acted as a guard unit to assure unidirectional _
flow in the porous material beneath the center chamber. The diameter of
the center chamber was 1. 03 inches. Only the air In the center chamber
was metered. LT T _ g}

Static pressures were measured with a statlic-pressure probe made of
0.100-inch~outside-dlameter stalnlessz-steel tubing. This tube had an
oglval head with four equally spaced orifices, 0.0135 inch in dismeter,
located at a cross section 0.79 inch from the tip.

TEST CONDITIONS AND PROCEDURE -

The heat-~transfer tests were conducted at an average Mach number of
2.7 over the range of Reynolds numbers from 1.5 million to 7 wmillior and
at average dimensionless transpiration rates of F = 0.001, 0.002, and
0.003. The.wind~tunmel stagnation temperature was waintained at approx-
imately 150° F. Transpiration air was admitted to the porous plate at T
two different temperatures at egth injection rate to enable the determina-
tion of the heat-tramnsfer coefficients and the recovery factors (aee
"Reduction of Data" section).

During the actual heat-transfer tests, time-steady condlitlons of
wind-tunnel stagnstion temperature and pressure, transpiration air tem-
perature and rate of flow, and model temperatures were established before
the varlous model and transpiration alr temperatures were recorded.

Only the heat-transfer data obtained in the fully developed turbulent
flow region from stations 4 to 8 (x = 6-7/8 to 10-7/8 inches), inclusive,
are presented in thils report. This reglon was bounded at the upstream
poeltion by the end of transition as indicated by boundary-layer surveys
and was limited at the downstream position by the wesk reflected shock . Sz
waves emanating from the plate leading edge.

The local free~stream Mech number distribution along the plate was
obtained for all héat-transfer runs from messurements of local static
pressure and tunnel stagnation pressure for positions from 4 to 11-3/k4
inches, inclusive, from the leading edge. These results agree within
*1 percent of the Mach number determined from the values of local free-
stream static and impect pressures. Typical Mach number distributions up
to 11 inches are presented in figure 4.  The waximum varisticn of the Mach
number wag *2 percent of the mean free-stream Mach number for all test
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REDUCTION OF DATA

Bagic Heat Balance

The heat-transfer rates to the plate were determined using an expres-
sion resulting from a heat balance on an element of the porous~plate sur-
face. Details of the heat balance are presented in Appendix A. The
result of the heat~bslance anslysis is given by

. e (t £a) - o (twy + buz 4+ bws + Bwe - btw)

+ =+ ]
b(tr - tw) = pwvwep(tw - te) - = (1)

The term on the left side of equation (1) represents the heat flaw rate
per unit surface area into the porous element. The first term on the
right side of the equatlion represents the rate of heat gained by the
coolant as it passes from beneath the porous element where it has its
original temperature, te, to 1ts final temperature, ty, corresponding to
the outer surface temperature of the element. The second term on the
right side represents the rate of heat conduction into the element in
terms of finite differences. The terms ‘w3, tys, twa, and tye represent
the temperatures on the four sides of the point in question having the
temperature +ty. The A represents the distance chordwise and spanwise
between adjacent thermocouples, which was 1 inch in all cases. TFor

x = k-7/8, 6-7/8, 8-7/8, and 10-7/8 inches, there were no spanwise thermo~
couples. These temperatures were interpolated from the side values of the
other stations. The thermsl conductivity of the porous material was found
in the manner described in Appendix A, Thus, the entire right side of
equation (1) can be evaluated directly from the data. The second term on
the right side was found to be less than 10 percent of the first.

Evaluation of h and iy

If the right side of equation (1) is replaced by the symbol q, the
equatlon becomes

q = h{tr - ty) (2)

For smsll changes of surface temperature with respect to its absolute

value, both the heat-transfer coefficient and the recovery temperature
will be essentislly independent of surface temperature level. Thus, if
the coolant tempersture level is changed while the wind-tunnel Reynolds
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and Mach numbers remain constant, the only terms in equation (2) that will
change are g and ty. Because of the linear character of equation (2),
two (or more) settings of the coolant temperature level provide sufficient
information to calculate both h and tr at each station. Because of the
preliminary nature of these tests, data were obtalned at only two cooclent
temperatures corresponding to each test condition. From the two sets of
data, both b and %y were found conyeniently from a plot similar to that
shown in the following sketch. . . -

Each indicated datsa polnt was an
average of at least flve runs. An
occasional check run taken at different
temperatures indicated that reproduci-~
bility in heat transfer was generelly

¢ within 5 percént with an occasional
larger variation. Since one of the
data pointe was in a2ll cases near
recovery temperature, the error in

o evaluating the recovery factor was

minimized.

For the zeroc transpiration condition the recovery tempersture was
the measured wall temperature. The conductilon corrections were negliglble
for this condition. R o o i

Influence of Surface Temperature Distribution

The model had the advantage of simpliclty of constructlon; however,
it had the disadvantage of allowing the distributions (with x direction)
of the air injectlon and the surface temperature to be uncontrolled along
its surface. Before considering the test results in detail, it is impor-
tant to discuss the influence of the lack of control of these factors on
the heat-transfer data.

A typical surface temperature distribution along the porous plate is
shown in figure 5. On comparison of this distribution with the temperature
distribution of the coolant air beneath the plate surface, 1t 1s seen that
the tewperature of the porous plate is esgentislly governed by the tempera-
ture distribution of the cooclant. The variation in temperature exhibilted
by the coolant is the result of heat addition to the air Prom the external
surfaces of the vertical strut and the hollow flat-plate body. At the
present, there is no experimental or theoretical information concerning
the effect of variation of surface temperature on the heat transferred in
a compressible turbulent boundary layer with or without air injectiom.

It was necessary to use the incompressible turbulent boundary~layer theory
of reference 12 to.estimate the effect of the varlable surface temperature.
On this basis it was found that the surface temperature distributions
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occurring in these tests (e.g., see fig. 5) would cause an increase of
the local heat-transfer coefficient over that which would exist for a
congtant surface temperature. The magnitude of the increase ranged from
an average of 13 percent at station 4 to L4 percent at station 8. At each
station, a scatter in this increase of about 2 percent about the mean
occurred for the different pressure levels and injection rates. There
were no particular trends with injection rate or pressure level.. Since
use of incompressible theory is questionsble under conditions of compress-
ible flow, no quaentitative corrections were applied to the data.

Influence of Variation in Injection Rate

Control of the injectiom distribution over the surface of the plate
was not attempted because of the complexities of model construction that
would be introduced. The resulting veriation of injection rate (see
fig. 3) was produced by the inherent variation of porosity of the surface
material and some clogging which occurred during the tests., This clogging
occurred even though a filter was placed in the pipeline upstream of the
model and caused the effective porosity of the surface to be time-
dependent. Esgsentlally then, the effective porosity distributlon at any
paxrticular time was not known; however, it is believed to fall between
the limits of the data shown in figure 3.

Examination of equation (1) and the method used for determining h
and tr revealed that the value of Stanton number was essentially propor-
tional to the injection rate. Imn view of the uncertalnty of the value of
local injection rate at any given time, it was decided to use the average
injection rate over the entire plate in the evaluation of the local Stanton
number. This results in values of local Stanton number that are on an
average about T percent lower than those computed using an asrithmetic
average of the data in figure 3 over the entire test region from x = 6-7/8
to lO~T/8 inches. The Stanton number presented in this report also ranges
almost 30 percent lower and 10 percent greater than the values of Stanton
number which could have been computed if the extreme variations of the
injection-rate values within the test region had been used.

Influence of Mach Number Variation and Effective Starting Length

The Mach number distributions over the plate have been presented in
figure L4 and show maximum variations of about +2 percent. Estimations of
the effect of these varilations on local heat transfer reveal an expected
influence of less than 2 percent which is well within the scatter of the
data.

e A . T
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The effective starting position for the fully developed turbulent
boundary layer for conditions with injection has been estimated from
boundery-layer surveys made on the test plate in the region where the
heat-transfer date have been obtained. The .effectlve Reynolds number
wag found to be between 7 and 15 percent less than Ry for conditions
with injection. It ig estimated from the mean slope of the St(Ry) date
that the St values presented are an an average 4 percent high when
plotted against the physical BRy. a

Estimation of Over-All Accuracy

In the above discussion 1t was estimated that the measured Stanton
number 1s, on the average, sbout 8 percent grester than would have existed
on a plate with constant surface temperature. Further, it was shown that
the measured Stanton number is, on the average, about 7 pércent lower than
one computed using local injection rates. These effects are, in general,
compensating. Also the expected influence of the Mach number variatlon
and the effective starting length considerations would tend to increase
the Stanton number less than 2 percent and an asverage of b percent,
respectively. It is concluded then, that the Stanton numbers presented
in this report when correlated with respect to physical Reynolds number
correspond to a flaL plate with constant surface temperature and uniform
injection with a consistent positive error of about 6 percent and an
estimated uncertainty of less than +20 percent,

Dlgcussion of Results

The resulte of Stanton nuumber plotted agalinst Reynolds number are
presented in figure 6. The data are campared with a line representing
the relationship between Stanton number and Reynolds number for zero
injection. This line was determined by starting with the well-known
Colburn equation which applies to low-speed flow and then adjusting the
valueg of Stanton number to correspond to conditions for Mach number of
2.7 by the empirical curve of reference 13. This curve applies to the
cage where the surface temperature is approximately egqual to the recovery
temperature, which prevailed during the present tests. The primary result
shown by these data 1s that there is an appreciable decrease in local
Stanton number with injectlon as compared with the zero Injection case.
Also, the variation of local Stanton number with Ry tends to increase
in negative slope with Incressed injectlon rate as is expected from theory
for uniform injection (ref. 6).

The ratic of Stanton number, St, with transplration compared with
that for no transpiration, St,, is presented in figure 7 as a functlon of
transpiration parameter F. This figure results from cross-plotting
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figure 6. The two curves shown represent the theory of reference 6% eval-
uvated for uniform injection and for the Reynolds numbers at the upper and
lower limits of these tests. The variation in the expérimental values of
S'l:/StO is partly due to the inherent experimental uncertalnties but also
includes the effect of the Reynolds nuwber change between positions. The
large reduction in Stanton number with injection is evident. The average
of the local values of St/Stg from x = 6-7/8 to 10-T/8 inches at each
F +value is presented as a heavy bar in figure 7. This average variation
of S‘b/StO with F may be considered as a uSeful result for application
to design. Reductiones in Stanton number of 55 percent occur at F = 0.003.
The measured reduction in Stanton number is comparable but slightly less
‘than the theoretically predicted reductions.

It 1s desirable to obtain the zero transpiration Stanton numbers from
the present tests for comparison with the modified Colburn equation which
has been used to define the zero transpiration heat-transfer values pre-~
sented previously. Normally, the Sty value would be obtained by measur-
ing the heat-transfer rate at lower and lower transpirstion rates with
the measured Stanton numbers converging to the ¥ = 0 +value. TFor this
test, however, it was not possible to measuré the heat transfer at lower
transpiration rates than ¥ = 0.001 because the temperature gradient normal
to the surface in the transpiration air beneath the plate extended beyond
the position of the thermocouples used for détermining the air temperature.
These thermocouples were not located farther away from the porous surface
because of the space limitation and because it was desired toc have the
thermocouples placed in the region where the air flowed hormal to the
surface. 8ince no experimental date were obtained for F < 0.00l, the theory
of reference 6 was used as a guide to extrapolate the experimental Stanton
numbers to the zero transpiration condition (see Appendix B for details).
The extrapolated experimental values are compared wilth the modified Colburn
equetion in figure 8. On an average the extrapolated St, values are
within 10 percent of the modified Colburn equation. This difference is
not sufficiently large to alter appreciably the results shown in figure 7.

The effects of injecting air into the boundary layer on the tempera-
ture recovery factor are clearly brought out in figure 9. The recovery
factors for the zero transpiration condition were determined in this
investigation and agree very well with values from other experiments
(see ref. 13). The recovery factor decreases from the zero transpiration
value of 0.89 to a value of 0.70 for F = 0.003 at Ry = 6X1L0%. These

Mhe theory of reference 5 cannot be used conveniently in this compari-
son since numerical results of this theory at the conditions of the present
tests can only be obtained through extensive numerical integrations. Pre-~
vious comparisons of the theories of references 5 arnd 6 have indicated
agreement between the theories, with differences less than those produced
by reasonable changes in the assumptions impdsed. Thus, conclusions
arrived at concerning the theory of reference 6 should apply equally to
the theory of reference 5.
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appreciable variatione are not indicated from the theoretical predilctions
of references 5 and 6, although it might be noted that laminar boundary-

layer theory predlcts a dropoff of laminar recovery factor with 1njection.'

A cross plot (fig. 10) of figure 9 shows the decreage in recovery factor
ag ‘a function of the injection rate at the extremes of the test Reynoclds
number range.

The effectiveness of the transpiration cooling process msy be seen \
in figure 11, from the theoretical curves of reference 6 and the experi—
mental date, where the wall teuwperature parameter, (tw - te)/(tro - te),
presented as a function of the tramnspirstion-rate parsmeter, F, for Stanton
number invariant with transpiration rate and for Stanton number varying
with transpiration rate. The curve with Stanton number (8t = Sty) invari-
ant with F represents the case of a 100-pércent effective heat exchanger
at a given initial cooclant temperature <+, and flow rate F sgcting om -
the inside of a nonporous surface. The curve with Stanton number varying
with F 1represents the transpiraticn hest-transfer process. The compara-
tive effectlveness of transpliration may be seen for the condition where
an auter surface temperature +ty 1is specified on an alrcraft by equipment
and structural comsiderations during a given flight path. With <. and tr
given and (ty - tc)/(try, - tec) specified to a value of 0.3, for example,
the conventional 10Q-percent effective heat-exchanger system would require
1.7 times the coolant flow of a transpiration system. For high cooling
loads where the wall-temperature parameter is small, the conventilional heat-
exchanger system reqpires several times the coolant flow of a transpiration
systenm. e . o

The wall-temperature parameter obtained from experimental measurements
for the Rx range of 2x10® to 6.8x10® is compared with the theory of
reference 6 in figure 11. The test results are consistently lower than
the theoretical predictlons; whereas the experimental St values shown
in figure T sre higher than theory predlcts." Note, however, that the
wall-temperature parameter o A . . I

tw = tc _ tr - tc St
.- tc tro - tc F:..'i‘ St

o
may be expressed as a product of two factors, one depending on the recovery
temperature, the other depending on the Stanton number. The term =

(tp - tc)/(tr -~ te) theoretically has a value near unlty and is essen-
tially 1nvariant with ..F; however, the experimental recovery temperature
decreases with Iincreasged transpiration end this effect causes a decrease

in wall-temperature parameter below the theoretical predictions.

The measured temperature ratios (tw - te)/(try - te) of reference 8,
obtained on an 8° porous cone at M, = 2.0 with nitrogen as the tranepired
gas, are compared to the present results (dashed curve) in figure 12. The
dashed curve is the predicted temperature ratio corrésponding to the test
conditions of reference 8 and 1s based on the recovery factor and
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St/Sto ve. F results of the present tests modified to M, = 2.0. Thb
agreement is 'good except for the result at the highest injectlion rate of
F = 0.00135; however, this comparison is somewhat inconclusive because it
does not extend to sufficlently large F <values.

CONCLUDING REMARKS

The preliminery tests presented provide useful information to guide
a8 future experimental test program and slso provide information for
asgessing the worth of using theoretical predictions for design purposes.

These results show primarily that transpiretion cooling in a turbulent
boundary layer at M = 2.7 has maerked effects on tThe heat transfer and the
"o PV +nm-—\a-nn+-n-v-e T n ol 11t PAarm ot T da r +tha ~lat+as

» 1 a. v 1 < - » At I Am alAn
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specifically,

P
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1. The ratio of local Stanton number with transpiration to that with
zero transpiration decreases appreciably with increased injectlon rate;
reductions as much as 55 percent were achieved. The decrease ig comparable
to, although less then, the theoretical predictions of references 5 and 6.

2. The local tewperature recovery factor, 1., decreases with increas-
ing injection rate at a given Reynolds number, and the rate of decrease is
greater at the higher Reynolds numbers. Reduction to 1, = 0.7 was
attained.

3. The wall-temperature parameter (ty - tc)/(tro - te), representing
the degree of cooling achieved by the surface, decreases with injection
rete more than is predicted by the theory of reference 6. The transpira-
tion cooling process requires considerably less coolant flow than conven-
tlonal heat exchangers to maintain a given cooled surface temperature,
especially for high cooling requirements.

Ames Aeronautical iaboratory_
Nationsl Advisory Committee for Aeronsutics
Moffett Fleld, Calif., Sept. 19, 1955
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APPENDIX A
HEAT BALANCE

Consider the element within the porous surface shown in the following
sketch: . - .

air flow

In this system, there are two factors which govern the time steady-state
heat balance. There is the heat conducted by the solid wmaterlal of the
porous plate and there is the heat pilcked up by the cooling air as it
passes through the element. It 1s assumed that the temperature of the

air and solid material at a point are the same because of the small dimen-~
slons of the pores in the solid materlial. Calculations based on the
methods of reference 1l for the material used in these tests confirmed
this assumption. .SBubJject to these assumptipns, the heat balance is as
follows: o ' ' ' ;

Heat conducted in x directian o . o

out
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Note that the thermsl conductivity of the solid is assumed to be constant.
The net heat conducted into the element in the x direction is then.

-(®, or k dx dy dz(3%t/x"). Similarly, the net hea} congucted into
the element in the  y and z directions is k dx dy dz (0 t/ay ) and
k dx dy dz (3%t/0z%). The heat absorbed by the air in passing through the
element in the 2z dJdirection is the rate of mass flow times the specific
heat times the change in temperature which equals p.v,; dx dy cp(dt/dz)dz.
When the heat entering the element is equated to the heat absorbed, there
results

a t a t a t ot
. Byz = PEOR 3, (A1)

Now the inner surface of the porous plate will not be, generally, at the
initial temperature of the coolant. The coolant will pick up some heat

as 1t flows toward the porous plate. Since this heat must come from the
porous plate5 e boundery condition at the inner surface of the porous

plate (z = 0) is
gz = pu¥yep(bzzo - te) (a2)
Z=0

where the heat conducted out by the solid is equal to the heat gained by
the coolant. At the outer surface of the porous plate (z = w), the heat
entering the plate by convection equals that conducted in by the solid
meterial

K @_Z)z;w - hltx - ) (43)

Suppose equation (AL) is integrated with respect to 2z from z = 0 o
Z

Jf dz + k ( e = pwVwCp(tw = tz=0)

92/5-0
(Al)
In this integration pyvy, 1s kept conmstant with =z iImplying unidirec-
tional flow through the plate. When equations (A2) and (A3) are sub-
stituted into eguation (AL) there results

W 2

k\Z: B L4 gyg dz = pyvyep(tz=o = te) + h(tr - tw)
= pwvwcp(tw‘ - t’Z=O)

(45)

or
2

W
B(tr = ) = ey (b = 8) - k[ (SE+LE)as  (a6)
(o]
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Equation (A6) is the basic equation that allows evaluation of the heat
transferred to the plate. In addition, it was not possible to instrument
the porous surface in Lbree. dimensions g0 &8 to define the third term on
the right of. equation (A6) precisely. It can be aegsumed, and this was
borne out experimentally, that '

t = B(x,y) + t¥(2) ’ (AT)

This means that at a given (x,y) position the temperature in any plane paral-
lel to the surface within the porous plate differs from that at any other
parallel plane by essentially a constant valueé no matter where the point

is located. Typlcal temperature distributions on the porous plate and in
the coolant sir beneath the surface are shown in flgure 5. These data
reveal that the loweér surfdace 15 about 2° F cooler than the upper surface

in this case. The. difference between the upper and lowe¥ surface 1s essen- .

tially constant over tle plate, these differences varying by less than
1° F, This shows that the assumption represented by equation (A7) is
fairly accurate. When equation §A7) is substituted into equation (A6),
there results on integration ; .

h(ty = ty) = pwVpr(‘bw - te) - kwl == B t gyg (a8)

As % is not a function of z we can replace it with ty.

h(t =% ) pyvwe ('bw - 'bc) - ( + az'bw (Ag)
r W v P dx -3 ayZ

Equation (A9) represents the fundamental exprésslon used in these tests
for evaluating h and tr. For numerical solution of this equation, the
Iaplacian wag replaced by 1tg first~order equivalent in terms of finite
differences. This approximation 1s permissible because the conduction
term is small (usually lesa than 10 percent) in comparison with the term
representing the heat gained by the coolant and is only considered as a
correction term, .Thus, equation (AQ) was replaced by

+ tya + tyg + tye - htw:>
AZ

ity ~ tw) = pwvwep(tw = te) - kW<th

(A10)
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In equation (AlO), tyi, twz, tws, and tye represent the surface tempera-
tures measured on the four sides of the point in question which has the
temperature <tw. The A represents the distance chordwise and spanwvise
between adjacent thermocouples, which was 1 inch in all cases. ¥For

x = k-7/8, 6~7/8, 8-7/8, and 10-7/8 inches there were no spanwise thermo-
couples; however, these side temperatures were interpolated from the side

values at x = 3-7/8, 5-7/8, 7-7/8, 9-7/8, and 11-7/8 inches.

With the known value of the thermal conductivity,® the entire right
side of equation (A10) was evaluated from the data.

1The thermal conductivity was found to be 3.6 Btu per hour, °F foot
at 85° F. This was determined by comparison with a material of known
conductivity by heating both specimens at one end and messuring the tem-~
perature distribution along each bar. The heat losses to the ambient air
from the material of known conductivity were cobtained, and this knowledge

was sufficient to calculate the heat losses from the porous bar and finelly

the thermal conductivity of the porous material.
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APPENDIX B. _ .

EXTRAPOLATION -.OF EXPERIMENTAL DATA TO ZERO

TRANSPIRATION CONDITION

The experimental method used in these tests did not provide a means
of meassuring zero transpiration heat transfer. Since it 1s desirable to
compare the hest-transfer data with previous experimental zero transpira-
tion heat~transfer results, & method was devised to extrapolate the present
St/Stc values to the zero transplration case. It 1s noted from the theo-
retical St/Sto ve, F curves of figure 7 that a linear extrapolation using
the 8t/St, values at F = 0.001 and 0.002 is inadeguate and that the
curvature must be consldered in the extrapolation to F = 0O +to obtain the
theoretlical value of St/Sto = 1, The method sdopted for the extrapolation
of the experimental St/St, data to the zero tramspiration case was to
extrapolate the experimentel and theoretical St/St, values at F = 0.001
and 0,002 lineayly to F = Q0 and to divide the experlmental extrapolated
value by the theoretical linearly extrapolated value to account for the
‘theoretical curvature.— A mathematical Jjustification of thils type of
extrapolation may be seen from the following conslderations. If St/Stg
is denoted as o = o(F) and subscripts O, 1, and 2 refer to F = 0, 0.00L,
0.002, respectively, and subscripte e and t+ xrefer to experiment and
‘theory, the extrapolated experimental value may be written as

%o

oe = CLoe! a_t;;_'_. %el %t'

[o

where Aoy = 1 and the primed valuées are the linearly extrapolated values
to ¥ = 0. Now, for the theoretical curves

Qo = Q3 da
! = o - ——— | Fqy = - (= ]m
abt 1t Fo - Fi:% + [mm <€E)n ]t

where F =m when do =2 S end 0.001 <« m < 0,002, This relation
ar n -Fs = F3

1s correct to within 2 percemt. If aoe' is also assumed to be approxi-

mately equal to [am - <%% mJ then
n Je
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e 8
_.°t

R @ E)E-E08- ]
oL - @)

[ @LL 2 (605 @5 ]
oyt L\TFZ BT T \&F° Jp 3T &

In words, the extrapolsted experimental value, Qog, 18 approximately equal
to the experimental linesr extrapolation from F =m plus a slightly
modified theoretical curvature correction.
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Figure 1.~ Effect of transpiration on heat transfer and skin friction in a boundary layer on a
flat plate (ref. 9).
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2.7 by ty = tr curve in ref. 13.)
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